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Photobiological Studies with Dioxetanes in
Isolated DNA, Bacteria, and Mammalian

Cells
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1,2-Dioxetanes, efficient chemical sources of triplet excited carbonyl compounds, were observed to be
genotoxic in isolated DNA, bacteria, and cultured mammalian cells. In superhelical DNA of bacteriophage
PM2, various alkyl- and hydroxyalkyl-substituted dioxetanes (1) induced predominantly endonuclease-
sensitive base modifications and only few single strand breaks. With a specific endonuclease a small fraction
of the base modifications was identified as pyrimidine dimers. The psoralen dioxetane (2a) or PsD bound
photochemically to calf thymus DNA at the a-pyrone ring of psoralen (fluorescence measurements). Pho-
tobinding was also observed when calf thymus DNA was incubated with psoralen and 3-hydroxymethyl-
3,4,4-trimethyl-1,2-dioxetane. In Syrian hamster embryo fibroblasts and HL-60 cells, dioxetanes induced
DNA single strand breaks. The alkyl- and hydroxyalkyl-substituted dioxetanes 1 and 2 were efficiently
inactivated by cysteine, glutathione, ascorbic acid, tocopherol, NADH and FADH,. While dioxetanes 1
and 2 were not mutagenic in Salmonella typhimurium strain TA100, benzofuran dioxetanes 3 exhibited
substantial effects. Further data imply that presumably a mutagenic intermediate with a lifetime of a

few minutes is produced from the benzofuran dioxetane.

Introduction

It has been well established that electronically excited
compounds, especially triplet ketones that are gener-
ated by optical excitation, cause DNA damage (1-3).
The possible pathways of DNA damage by triplet ke-
tones are summarized in Figure 1. These properties of
triplet ketones suggest that 1,2-dioxetanes, which are
efficient chemical sources (4) of triplet excited carbonyl
compounds [Eq. (1)] (Table 1), should also induce DNA
damage via the pathways outlined in Figure 1. Indeed,
two years after the synthesis of the first dioxetane (5,6)
in 1969, Lamola (?) showed that thermal decomposition
of 3,3,4-trimethyl-1,2-dioxetane (TrMD) in the presence
of calf thymus DNA led to thymine dimers. No further
reports have appeared in the meantime concerning the
genotoxicity of 1,2-dioxetanes, except recent results by
Lown et al. (8) and by us (9-12). The photobiological
activity of enzymatically generated triplet excited spe-
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cies (11,13,14), postulated to be formed via dioxetane
intermediates (13,15), should also be mentioned.
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The involvement of excited states and radicals in tu-
mor promotion (16,17?) and in spontaneous mutation (18)
has been proposed. To substantiate this proposal and
to make a contribution to the mechanistic understanding
of carcinogenesis and mutagenesis at the molecular
level, we have been investigating intensively during the
last 5 years the genotoxicity of dioxetanes, substances
that possess the unique property of efficiently and se-
lectively generating triplet excited carbonyl compounds
on thermal decomposition. Here we summarize our re-
cent results on the DNA damage caused by 1,2-dioxe-
tanes in cell-free DNA (PM2 and calf thymus), mam-
malian cells (SHE, HL-60), and bacteria (Salmonella
typhimurium).
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Preparation of the 1,2-Dioxetanes
and Photophysical Data

Three different types of dioxetanes 1-38 (Fig. 2) have
been employed for the genotoxicity investigations de-
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FIGURE' 1. The possible pathways of DNA damage by triplet ketones.
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FIGURE 2. Structures of dioxetanes 1, 2, and 3.
scribed here. The alkyl- and hydroxyalkyl-substituted Br
dioxetanes 1 were prepared according to published pro- o T°
cedures summarized in Equation (2) (5,6,19,20). Diox- CHy < Br
etanes 2, which possess an intercalating substituent (fu- CHs>_<R M '2°°| BI -
rocoumarin) or electron-rich group (aminopyridine),  CHs CH, H,0, “Hae CH,
were prepared by transforming 3-hydroxymethyl-3,4,4- 1o,
trimethyl-1,2-dioxetane (HTMD) (1¢) into its chlorocar-
bonyl derivative by means of triphosgene (a commer- HOO cn,  AcooH HOO §
cially available substitute for gaseous phosgene) and CHa—|—<R CH3—|—%
subsequent reaction with the corresponding aleohol or CHy CH,
amine [Eq. (3)]. The details of this synthetic method
and the chemical properties of dioxetanes have been
published elsewhere (21,22). The benzofuran dioxetanes
0-0

3 and structural analogues were synthesized by pho-
tooxygenation of the benzofurans [Eq. (4)] as published
for 2,3-dimethylbenzofuran dioxetane 3a (DBFD) (23).
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The activation parameters and excitation yield of se-
lected dioxetanes were determined according to the re-
ported photometric procedures (4). From the rate data
and the triplet excitation efficiency the triplet excitation
flux (E}) was calculated, which is defined according to
Equation 5, and represents the number of triplet excited
states per unit time per unit volume. The results are
presented in Table 1.

Eg=k’C'®T°NL (5)

where k = rate constant; C = concentration of dioxe-
tane; ®T = triplet excitation yield; N, = Avogadro
number.

Genotoxicity in Cell-free DNA

Calf Thymus DNA

After incubation of calf thymus DNA (2 hr, 50°C) with
TrMD (290 mM), thymine dimers were formed and de-
tected by HPLC (24). This result confirmed the earlier
report of Lamola (?) that thermal decomposition of
TrMD in calf thymus DNA promoted thymine photo-
dimerization.

Treatment of calf thymus DNA with psoralen (per-
formed in collaboration with F. Dall’ Acqua and D. Ve-
daldi, University of Padova, Italy), an excellent DNA
intercalator, in the presence of 10 equivalents of HTMD
at 50°C led to the psoralen monoadduct of DNA at the
a-pyrone ring [Eq. (6)], as confirmed by fluorescence
measurements (25).

4 4°

54 HyC CH,0oH 2 =
o o o HsC CH,3
Psoralen HTMD (1cl
DNA

Z \—l* DNA i/\ \

o7 "o o o o o

(6)

Similar observations (Fig. 3a) were made with psor-
alen dioxetane (PsD) (2a) and calf thymus DNA [Eq.
(7). In this case photobinding was more effective, as
evidenced by the higher fluorescence intensity resulting
from the fact that the excitation source (dioxetane) and
the photoactive chromophore (psoralen) are part of the
same molecule. When the cleavage product of PsD was
irradiated at 365 nm, efficient photobinding was also
observed (Fig. 3b); however, now the binding appar-
ently involved the furan-ring (4',5'-position). This find-
ing is in agreement with earlier observations (25) in-
dicating that direct and ketone-sensitized irradiation
produce different regioisomeric photoadducts. For ex-
ample, the triplet state formed in the latter case gave
rise to cycloaddition at the a-pyrone ring. The triplet
state formed by dioxetane-cleavage, therefore, reacted
in an analogous way.
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Table 1. Activation and excitation parameters of 1,2-dioxetanes.

Dioxetane AG* 37C, tie, 37°C, T, ET 1077,
in toluene® keal/mole hr %° E/mole/sec/L¢
o-0 238 = 04_ 107 = 0.6 2%+ 5 27 = 5
H,C I I " @4.7 + 1.0) ©5 = 0.3) (5+ 1) (9=2)
HyC CH,
TrMD
0-0 25.6 + 0.6 4652+ 23 3%+ 4 9+2
H"C_l'—l_m" (4= 1 (41
HaC CH,
TMD
o-o 25.1 = 0.5 24+ 1.2 14=+3 82
HsC—I—l—CHzG! @5.0 + 4.0) @87 = 11.1) (5+1) (2+1)
HyC CH,
HTMD
0-0
Hsc_|_.|_aa,o CH, 25.5 + 0.5 24.6 + 0.8 50 = 20 23 + 8
LI ¢ 6.1 + 1.3) (589 + 3.0) = 1 (2=1)
'3 3 o)
AcTMD
9 e 25.3 + 0.4 365+ 1.3 4+ 1 2+ 1
3 * 0. 0 * . + +
oo e
HC CH,
PsD
)lO 0-0
N }g o ct——+ i,
H,C CH,
4-APD 26.3 = 0.4 32.0 + 1.3 33 + 8 9 +2
HyC o
[o]
o O
DBFD 242 + 0.3 3.9+ 0.1 3+ 1 7=+1

*TrMD, 3,3,4-trimethyl-1,2-dioxetane; TMD, 3,3,4,4-tetramethyl-1,2-dioxetane; HTMD, 3-hydroxymethyl-3,4,4-trimethyl-1,2-dioxetane;
AcTMD, acetoxy-3,3,4,4-tetramethyl-1,2-dioxetane; PsD, psoralen dioxetane; 4-APD, 3-(N-[4-pyridinolcarbamoyl)methyl-8,4,4-trimethyl-1,2-
dioxetane; DBFD, 2,3-dimethylbenzofuran dioxetane.

® Calculated from Stern-Volmer kinetics using 9,10-dibromoanthracene in toluene and sodium 9,10-dibromoanthracenesulfonate in water.

¢ Calculated for 1 M solution at 37°C.

9Values in parentheses were measured in water.

Preljmjnm;y experiments with tritium-labeled trimethyl-  photoadduct per 30,000 nucleotides was generated (per-
angelicin ("H-TMA), calf thymus DNA, and 3,3,4,4-tetra-  formed in collaboration with F. Dall’ Acqua and D. Vedal-
methyl-1,2-dioxetane (TMD) have shown that about one  di, University of Padova, Italy), as shown in Equation (8).
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FIGURE 3. (A) Fluorescence spectrum (exitation wavelength 302 nm) of the DNA photobinding product obtained from the reaction between
calf thymus DNA and psoralen dioxetane at 50°C after 15, 30, and 45 min. (B) Fluorescence spectrum (exitation wavelength 330 nm) of the
DNA photobinding product obtained after irradiation of psoralen dioxetane decomposition product in the presence of DNA.
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Table 2. Dioxetane-induced DNA lesions.*

Endonuclease-sensitive lesions/

6
10° bp/mM Single strand breaks/
Dioxetane® MI AP sites? Pyrimidine dimers® 10° bp/Mm
TrMD 20 = 0.6 1.8 = 0.1 505 0.4 + 0.2
TMD 6.5 + 0.3 0.35 = 0.04 0.1 = 0.01 0.1 = 0.01
HTMD 525 + 0.5 1+14 0.4 + 0.2
AcTMD 72 +5 4 +0.1 0 0.9 + 04

®Dioxetane, 1 hr at 37°C, phosphate buffer, pH 7.4.
®For chemical structures and names see Table 1.

 Lesions detected by endonucleases from Micrococus luteus, Ml, crude cell extract (12).

9 Lesions detected by exonuclease III from E. coli (26).

¢ Detected by the dimer-specific enzyme frm Ml corrected for AP sites (27).
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FIGURE 4. The upper diagram shows the total endonuclease sensi-
tive sites, detected using M. luteus endonucleases (crude cell ex-
tract, M.L.). The lower diagram gives the thymine dimers and
AP sites, which were detected using specific endonucleases and
single strand breaks (SSB).

Table 3. DNA single-strand breaks in SHE and HL-60 cells®.

Single-strand breaks/10” bp

Dioxetane® SHE cells® HL-60 cells®
TrMD 0.8 + 0.2 1.2 + 0.3
HTMD 0.2 = 0.1 0.3 £ 0.1
4-APD 1.9 = 0.3 2.8 + 04
PsD 0.2 + 0.3 2.8 + 0.4

2Cells were incubated for 30 min at 37°C with 50 uM dioxetane.

*TrMD, 38,3,4-trimethyl-1,2-dioxetane; HTMD, 3-hydroxymethyl-
3,4,4-trimethyl-1,2-dioxetane; 4-APD, 3-(N-[4-pyridino]carbarmoyl)
methyl-3,4,4-trimethyl-1,2-dioxetane; PsD, psoralen dioxetane.

¢ Determined by alkaline elution technique, calibrated with y-rays
(1 Gy= 1.6 x 1077 single-strand breaks/bp) (28).

Superhelical DNA from Bacteriophage
PM2

Dioxetanes also efficiently induced DNA damage in
superhelical DNA from bacteriophage PM2. They
caused predominantly endonuclease-sensitive base
modifications, detected by a crude enzyme preparation
from Micrococcus luteus, but only few single strand

M.L.

Table 4. Induction of micronuclei in SHE cells.?

Dioxetane® Micronuclei®
HTMD 100+ 5
4-APD 240 = 40
2-APD 190 + 75
DBFD 2680 + 390

*SHE cells were incubated with the dioxetanes for 30 min at 37°C.

®HTMD, 3-hydroxymethyl-3,4,4-trimethyl-1,2-dioxetane; 4-APD,
3-(N-[4-pyridino]carbamoyl)methyl-3,4,4-trimethyl-12-dioxetane; 2-
APD, 3-(N-[2-pyridino]carbamoyl)methyl-3,4,4-trimethyl-1,2-dioxe-
tane; DBFD, 2,3-dimethylbenzofuran dioxetane.

¢ Micronuclei/2000 cells/mM dioxetane.

breaks and AP sites. The latter were detected using
exonuclease I1I (26) from E. coli. Only a relatively small
fraction of the base modifications consisted of pyrimi-
dine dimers, as established by employing the dimer-
specific endonuclease from M. luteus (27) and correcting
for AP sites (Table 2 and Fig. 4). In Figure 5 the relative
numbers of single strand breaks and of modified sites
detected in PM2 DNA by three different crude repair-
endonuclease preparations are shown for various dam-
aging agents. Comparison of these damage profiles re-
vealed that the DNA damage caused by dioxetanes did
not correspond to that caused by optically excited car-
bonyl compounds (acetone/UV-330) nor by UV (260 nm)
radiation. Rather, it appeared to be similar to the dam-
age caused by Rose Bengal and light, which has pre-
viously been attributed to singlet oxygen (12).

Genotoxicity in Mammalian Cells

In Syrian hamster embryo (SHE) fibroblasts and in
human leukemia cells (HL-60), dioxetanes exhibited
genotoxic activity. Single strand breaks were detected
in both types of cells by the alkaline elution technique
(28); the results are shown in Table 3. No M. luteus
endonuclease-sensitive sites could be detected in
HTMD-damaged DNA (10). This implies that the dam-
age is not of the type induced by UV, and it still needs
to be established whether or not the damage is of pho-
tochemical origin. However, dioxetane decomposition
products and also related cyclic peroxides, which do not
lead to excited triplet states on thermal decomposition
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FIGURE 5. Damage profiles produced by different agents in cell-free PM2 DNA. The first three columns of each group indicate relative
numbers of sites sensitive to endonucleases from M. luteus (normalized to 10 units), S. typhimurium, and HeLa, respectively. The fourth

column in each group represents single strand breaks.

Table 5. Mutagenicity of benzofuran dioxetanes and their structural analogues in Salmonella typhimurium strain TA100.

Dioxetane R, Revertants/pmole®
3a CH; 117,000
3b CH, 370,000
3c CH, 173,000
3d CH, ~ 2,000
3e CH, 10,000
3f CH, ~ 2,000
3g H 1,290
3i CH,OCH;, 1,270
3j CH,0COCH,4 5,220
4a 115,000
4b ND®
5 ND
6 ND

*Calculated by linear regression analysis from the linear portin of the dose-response curve.

®ND, not detectable; see Figure 2 for structures.

(B-peroxy lactones, 1,2-dioxolanes, endoperoxides,
ete.), proved inactive in these tests (10).

Dioxetanes generated micronuclei in SHE cells, in-
dicating genotoxicity at the chromosomal level. The
number of micronuclei produced was determined as de-
scribed (29), and the results are presented in Table 4.
Furthermore, HTMD and 3-(N-[4-pyridino]
carbamoyl)methyl-3,4,4-trimethyl-1,2-dioxetane (4-
APD) promoted dose-dependent morphological trans-
formation of SHE cells (10). Both dioxetanes failed to
induce unscheduled DNA synthesis (UDS) in SHE cells
or in HeLa cells (10).

Genotoxicity in Bacteria

HTMD and 4-APD caused dose-dependent SOS func-
tion sfiA in E. coli (11). In view of the unspecific nature
of this genotoxic activity, the mechanism of the SOS
induction by dioxetanes remains unclear.

Salmonella typhimurium mutation assays with di-
oxetanes were performed using the preincubation tech-
nique (30). None of the dioxetanes of type 1 and 2 listed
in Table 1 showed significant mutagenicity in strain
TA100 (sensitive to alkylating agents and UV?® radia-
tion) or in strain TA2638 (sensitive to peroxides and
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FIGURE 6. Mutagenicity versus time profiles of benzofuran dioxe-
tane 3a; dioxetane solutions in phosphate buffer were incubated
at 30°C for the indicated times prior to the addition of the bacteria.

oxygen radicals). These dioxetanes are efficiently in-
activated by cellular components, as shown by chemical
model studies with glutathione, cysteine, ascorbie acid,
NADH, FADH,, and tocopherol (31,32), which might
explain their lack of mutagenic activity.

In contrast, numerous benzofuran dioxetanes 3 were
highly mutagenic in the strain TA100. This genotoxic
activity was strongly dependent on the chemical struc-
ture, as displayed in Table 5. Furthermore, the DNA
lesions induced by DBFD (3a) in the bacteria could not
be photoreactivated (data not shown). This finding sug-
gests that the dioxetane-induced DNA damage differs
from that induced by UV radiation. Moreover, the mu-
tagenic activity of an aqueous buffer solution of DBFD
increased with time; the mutagenic activity was maxi-
mal when the solution was incubated at 37°C for 10 min
prior to the addition of the bacteria (Fig. 6). This ob-
servation suggested that an intermediate with a lifetime
of a few minutes was first produced from the benzofuran
dioxetane 3a in the aqueous solution and subsequently
interacted with the DNA and was responsible for the
mutagenicity.

ADAM ET AL.

In an attempt to identify the chemical structure of
the mutagenic intermediate, the transformations of 3a
in water were studied (Fig. 7). The products 6-9 were
isolated and subjected to the Ames test using strain
TA100; all were nonmutagenic. The spiro-epoxide 4,
which was postulated as the precursor of the products
5 and 6, has still not been isolated. Whether this unusual
epoxide is responsible for the high mutagenicity of diox-
etane 3a is at this time still unanswered. However, pre-
liminary results indicate that the authentic epoxide 10
is the most likely mutagenic intermediate.

Conclusions and Perspectives

The various types of tests mentioned here have con-
vincingly shown that dioxetanes are genotoxic. Dioxe-
tane-induced DNA damage in cell-free systems (super-
helical DNA) consists in part of pyrimidine dimers; this
clearly confirms the expected photochemical DNA dam-
age. However, the major DNA lesions are other en-
donuclease-sensitive base modifications that have not
yet been characterized. An intercalating dioxetane, the
psoralen dioxetane, photobinds to calf thymus DNA
when treated at 50°C.

The DNA damage caused by dioxetanes in mammal-
ian cells consists mainly of single strand breaks. Re-
active oxygen species are likely to be responsible for
this kind of damage, but the mechanistic details remain
to be explored.

Despite the finding of DNA damage in cell-free DNA
and mammalian cells, mutations are not detected in Sal-
monella typhimurium with most dioxetanes. The ben-
zofuran dioxetanes 3 are an interesting exception in that
they are potent mutagens in Salmonella typhimurium
strain TA100. The mutagenic DNA lesions induced by
these dioxetanes are apparently not of photochemical
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FIGURE 7. Transformations of benzofuran dioxetane 3a in water.
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origin; rather, a reactive intermediate with a lifetime
of a few minutes, possibly an alkylating agent, appears
to be the ultimate mutagen. .

In recent years much attention has been devoted to
the involvement of excited states in biological processes,
especially DNA damage. Dioxetanes are convenient
chemical sources, specific for triplet excited states, and
offer interesting opportunities for photobiological stud-
ies in the dark. We suspect that in its oxygen-dependent
metabolism, the cell is capable of producing triplet ex-
cited states in situ via such dioxetanes, inducing DNA
damage. Future efforts to establish the photogenotoxic
activity of these unusual substances in cellular systems
will be intensified.

We thank the Deutsche Forschungsgemeinschaft, Sonderfor-
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veranderungen and the Wilhem-Sander-Stiftung for generous finan-
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